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(Received 25 March 2006; published 2 June 2006)0031-9007=We employ angle-resolved photoemission to study the electronic structure of atomically uniform films
of Ag grown on Ge(111). A new kind of quantum well state is observed near a specific emission direction
away from the surface normal. In contrast with the usual quantum well state arising from electron
confinement by specular reflections at the surface and interface of the film, the new kind involves
retroreflections, or umklapp reflections, at the interface. It requires four reflections, instead of the usual
two reflections, to complete a coherent interference path.
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FIG. 1 (color online). Schematic ray diagrams for the interfer-
ence paths corresponding to quantum well states of the first kind
(top panel) and the second kind (bottom panel). The first kind
involves two S reflections, one each at the surface and the
interface, while the second kind involves two S reflections at
the surface and a pair of conjugate U reflections at the interface.Electrons in a thin film on a substrate can be confined by
the substrate potential to form discrete states, known as
quantum well states [1–6]. As discussed in the literature,
such states generally involve specular (mirrorlike) reflec-
tions at the film surface and the interface, and are ana-
logues to the standing wave modes found in an optical
Fabry-Pe´rot interferometer formed by two parallel mirrors
[7]. Here we report on the discovery of a new kind of
quantum well state (referred to, below, as the second
kind) in thin Ag films grown on Ge(111). In this case,
the reflections at the interface are retroreflections (umklapp
reflections [8]) that reverse the directions of incident elec-
trons at an oblique angle rather than bounce the electrons
off to directions symmetric with respect to the surface
normal. As observed by angle-resolved photoemission,
the retroreflections cause these new states to have a char-
acteristic photoelectron emission pattern that is centered
about directions away from the surface normal, providing a
clear experimental distinction from the usual states.
Quantum well effects can substantially influence the prop-
erties of thin films, often resulting in their extreme sensi-
tivity to changes in film thickness. Indeed, large variations
as a function of film thickness in thermal stability [9], work
function [10], electron-phonon coupling [11,12], and
superconducting transition temperatures [13–16] have
been reported. Implications abound regarding nanoscale
materials and device technologies. The discovery reported
herein necessitates a rethinking of the overall quantum
electronic structure and its relationship to properties and
functionality of thin film systems.
A ray diagram presented in the top panel of Fig. 1
illustrates the basic idea for a quantum well state of the
usual kind. Two consecutive specular reflections (S reflec-
tions), one at the surface and the other at the interface, lead
to a closed interference path. The result is a standing wave,
or a quantum well state, when the wavelength of the
electron is compatible with the interference path length.
Quantum well states of the second kind are schematically06=96(21)=216803(4) 21680illustrated by the ray diagram in the lower panel of Fig. 1.
For the case studied, Ag on Ge(111), the Ag is essentially a
jellium, consisting of a sea of nearly free electrons. Its
surface behaves like a smooth mirror that reflects electrons
specularly. The interface, however, has a corrugation po-
tential derived from the fairly rigid surface structure of
Ge(111). This potential acts as a diffraction grating.
Electrons in the film impinging upon the interface can be3-1 © 2006 The American Physical Society
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FIG. 2 (color online). Angle-resolved photoemission data
taken from a 13 ML Ag film on Ge(111) (top panel) and the
same overlaid with labels and results from a model calculation
(bottom panel). The set of approximately parabolic bands cen-
tered about the M point of Ge are quantum well states of the
second kind. The quantum numbers n are indicated. Q1, Q2, and
Q3 are quantum well states of the first kind. SS is a Shockley
surface state.
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diffracted into nonspecular directions via umklapp pro-
cesses. As shown in the diagram, two conjugate umklapp
retroreflections (U reflections) at the interface interlaced
by two S reflections at the film surface can restore the
phase of the electron wave. The resulting standing wave or
quantum well state can be observed near a specific direc-
tion corresponding to the periodicity of the Ge(111) sub-
strate surface. Both kinds of quantum well states can
coexist in a film, as is the case for the system under study.
Angle-resolved photoemission is the best method for
mapping the electronic structure of a film and is employed
in the present study. The experiment was performed at the
Synchrotron Radiation Center, University of Wisconsin-
Madison, using 50 eV photons. Dispersion relations were
measured along the  M direction of the Ag(111) films,
which is equivalent to the 112 direction in bulk Ag.
Photoelectron spectra were recorded as two-dimensional
images with the energy and the polar emission angle  as
two independent variables. Each image spanned a range of
 of about 10. The sample was rotated relative to the
analyzer in steps of 5 to create a set of overlapping
images, which were combined to create a wider angular
span. A clean Ge111-c2 8 surface was prepared by
sputtering at a substrate temperature of 500 C followed by
annealing at 600 C. Ag was evaporated onto the Ge sub-
strate maintained at 50 K. Subsequently, the sample was
annealed at 300 K and cooled back to 50 K for the photo-
emission measurement. The resulting Ag films, with bulk-
like lattice constants, were oriented along (111) with the
 M direction parallel to the same in the substrate [17].
Atomically uniform films were prepared by carefully con-
trolling the amount of deposition; the absolute film thick-
nesses were determined by atomic layer counting [1,18].
Results taken from a film with a uniform thickness of
N  13 monolayers (ML) are shown in Fig. 2 as a gray
scale map. The vertical axis is the energy, and the horizon-
tal axis is the in-plane momentum of the photoelectron, kk,
calculated from the polar emission angle. The bottom
panel of Fig. 2 reproduces the photoemission data pre-
sented in the top panel, overlaid with labels and results
from model calculations. Near normal emission, or kk  0,
one observes a surface state band (SS) near the Fermi level
(E  0) and several approximately parabolic bands,
labeled Q1, Q2, and Q3, which correspond to quantum
well states of the usual kind [18]. Additional states of the
series are also present in the data, but are much weaker.
The dispersion of each state shows a break at the Ge
valence band edge. This edge is indicated by the dotted
curve derived from a band structure calculation [19]. The
break is caused by a hybridization interaction of the quan-
tum well state with the Ge substrate states [18,20,21]. A
vertical dashed line at kk  0:907 A1 indicates the loca-
tion of the M point of the Ge surface Brillouin zone, where
quantum well states of the second kind are expected.
Indeed, the data show a series of approximately parabolic
bands centered about this point. The curves shown in the21680lower panel are results from a model calculation. The
observed states are located above the Ge valence band
edge except the lowest one or two. The ones below the
band edge are not fully confined by the substrate, and are
expected to get broader and weaker at lower energies.
Quantum well states of the first kind can, in some cases,
develop unusual dispersions due to band structure effects
[22]. To verify that this is not the cause for the observed
bands, we present in Fig. 3 a calculated projected bulk
band structure along the direction of interest for a Ag(111)
slab of a thickness of 13 ML [23,24]. Note the large
difference between the M points of Ag and Ge. The dense
set of states at energies 4 to 7 eV is derived from the
Ag d states. Near the zone center at  and above the d
states, there are several approximately parabolic bands
which correspond to quantum well states of the first kind.3-2
Ag(111)
N = 13
Momentum
En
er
gy
 (e
V)
-6
-4
-2
0
Γ M/M'M (Ge)
FIG. 3 (color online). Projected bulk band structure of a
13 ML Ag(111) slab. The region of interest where quantum
well states of the second kind are expected is indicated by a
dashed circle. The dispersion curves do not resemble the ob-
served ones.
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experimental data; the differences can be attributed to
boundary effects for the supported film. These bands ex-
tend into the region of interest indicated by the dashed
circle, and their dispersions do not resemble the experi-
mental results. Evidently, the observed quantum well states
near M of Ge cannot be explained within the standard
picture.
Referring to Fig. 1 for the second kind, two U reflections
and two S reflections are required to complete the interfer-
ence path. Four wave functions with distinct wave vectors
are involved in the process. Define the coordinate system
with the x axis along the in-plane direction of interest and
the z axis along the surface normal. The four wave vectors
are given by k1  kx; k1z, k2  kx; k2z, k3 
kx  g; k3z, and k4  kx  g; k4z, where g is the mag-
nitude of the relevant surface reciprocal lattice vector of
Ge; g=2 is the distance between  and M of Ge. While a S
reflection preserves kx, a U reflection changes kx to kx  g,
and a conjugate U reflection restores it back to kx. The
energies of the four wave functions must equal:
Ekx; k1z  Ekx; k2z  Ekx  g; k3z  Ekx  g; k4z:
(1)
At each kx and E selected by the photoelectron detec-
tor, the z components of the four wave vectors, k1z through
k4z, can be determined from the bulk band structure Ek
of Ag.
Referring to Fig. 1, k1z>0, k2z < 0, k3z > 0, and k4z < 0
generally, but not always. The direction of interest  M has
a relatively low symmetry such that, in general, Ekx; kz 
Ekx;kz and Ekx; kz  Ekx; kz. Consequently,21680k2z  k1z and k4z  k3z in Fig. 1, despite that a S
reflection is involved in each case. Rigorously speaking,
S reflections in this system are not specular in that the
incident and reflected wave vectors can make different
angles relative to the surface normal due to the low sym-
metry. Likewise, the U reflections are not exactly retrore-
flections at M of Ge. The deviations are generally small but
not necessarily negligible. These details are ignored in
Fig. 1 for simplicity. For completeness of the discussion,
we add that the band structure of Ag possesses inversion
symmetry, Ekx; kz  Ekx;kz, because of time re-
versal symmetry and lattice inversion symmetry.
Coherent addition of wave amplitudes after four reflec-
tions as indicated in Fig. 1 leads to a stationary state, or a
quantum well state. The phase of the wave function accu-
mulates according to Bloch’s theorem. The result is the
following generalized Bohr-Sommerfeld quantization con-
dition:
k1z  k2z 	 k3z  k4zD	  2n; (2)
where D is the thickness of the film,  is the sum of
boundary phase shifts associated with the four reflections,
and n is a quantum number.
The boundary phase shift  is unknown and can depend
on kx and E. To simplify the analysis, we introduce a
charge spillage parameter  [25]. The idea is that the
film is like a quantum box. The potential barrier is, how-
ever, not infinite, and the electron wave function can ex-
tend outward slightly beyond the box boundary, giving rise
to a phase shift. Equation (2), within this approximation,
becomes
k1z  k2z 	 k3z  k4zD	 2  2n; (3)
where  is the average charge spillage parameter per
boundary (surface or interface), and is expected to be of
the order of a fraction of a monolayer thickness. With this
transformation, the boundary phase shift  in Eq. (2) is
replaced by a geometrical phase shift k1z  k2z 	 k3z 
k4z2 in Eq. (3); this effectively changes the width of the
quantum well from D to D	 2.
Solving Eqs. (1) and (3) numerically using an empirical
band structure of Ag [23,24] yields the quantum well state
dispersions shown in the lower panel of Fig. 2. The quan-
tum number n for each observed band is indicated in the
figure. The quantity  is treated as a fitting parameter. It is
0.31 in terms of the Ag monolayer thickness, a very rea-
sonable value. The main effect of varying  is to move the
bands vertically. The band spacings and the band curva-
tures from the calculation are in excellent agreement with
the experiment. The band spacings are roughly one half of
those for the quantum well states of the first kind because
the interference path is roughly twice as long.
The observed band dispersions are symmetric about M
of the Ge substrate, which is a telltale sign for the second
kind nature of these quantum well states. This follows from3-3
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the fact that U reflections couple the states at kx and kx 
g, and they must have the same energy. The state at kx  g
must have the same energy as the state at g kx by
inversion symmetry of the band structure. Since the two
momenta kx and g kx are symmetrically located about
kx  g=2, or M of Ge, the band dispersion must be sym-
metric with either a maximum or minimum located at M. A
related argument shows that quantum well states with the
same dispersions must also be present on the left side of
Fig. 2. This is indeed the case as verified by experiment
(data not shown). By extension, quantum well states of the
second kind should be present at locations associated with
other Ge surface reciprocal lattice vectors. Access to these
points, however, requires a substantially larger emission
angle or a much higher photon energy. Our search for such
emission features elsewhere has been hampered by the
physical limitations of our setup and the diminishing pho-
toemission intensity. No evidence has been found for any
features that might be associated with the c2 8 recon-
struction of the clean Ge(111) surface [26].
In conclusion, we report on the observation of a new
kind of quantum well state in an incommensurate thin film
system. Ultrathin films will likely play an important role in
future device designs. At the nanoscale, the coherence
length of the valence electrons in metals can far exceed
the dimensions of the system, giving rise to quantum
coherence and interference effects. Diffractive effects, or
U reflections, at an incommensurate interface can be im-
portant, as demonstrated in this work. Quantum well states
of the second kind can give rise to important contributions
to the system free energy and the overall electronic struc-
ture. Their possible impact on thin film science and tech-
nology is yet to be explored.
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